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REMARKS 

Reconsideration of the Final Rejection is respectfully requested. It is believed that the 
only issues that remain are under §112, first paragraph (written description) and §101 (utility). 
Applicant is still unclear about the factual basis of the §101 rejection so it is requested that the 
examiner clarify it so, should a formal appeal brief be filed, it can be fully addressed in it. 

The new claims which have been added do not require any additional searching and/or 
consideration. 

(1) Issue: 

Whether the claims are unpatentable for lack of written description and utility. 

(2) Argument: 

Claims 64-74 are directed to methods of identifying a protein from a library of individual 
proteins that binds to a target of interest. The claimed method recites certain structural claimed 
aspects, including "protease sensitive sites" and "identifier sequence tracts which are unique" to 
the individual proteins in the library. The identifier sequence tracts can be used to recover 
("identify") a protein in the library which has the desired binding characteristics after cleavage at 
the protease sensitive site. See, e.g., Claim 65(iv) and Claim 75(iv). The claimed method is 
generally useful for identifying proteins which possess an activity of interest. 

It is alleged by the Patent Office that: "The claims or the specification does not recite for 
any specific structure of the library." See, Office action dated August 25, 2004, Page 4. This is 
not correct. Claim 52 and others clearly recite specific structural features, e.g., "individual 
identifier sequence amino acid tracts which are unique to said individual protein when bound to 
the specific target of interest, and are flanked by one or more protease sensitive sites ..." 
(Underlining added.) In Claims 65 and 74, e.g., these structures (i.e., identifiers and protease 
sensitive sites) are utilized to identify a protein with desired binding characteristics. This useful, 
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novel, and unobvious method can be applied to many different kinds of proteins, including 
antibodies (e.g., Specification, Page 1, lines 12) and other binding moieties. A utility of the 
claimed invention involves the use of the identifiers and protease sensitive sites to select proteins 
with certain characteristics. The focus on the particular proteins to which the identifiers and 
protease sensitive sites are joined is misplaced. The same reasoning would preclude any general 
method from being patented. 

Identifier sequence amino acid tracts (also known as "barcodes") are fully described in 
the specification. The barcodes are encoded for by oligonucleotides that are attached, in open 
reading frame, to the nucleotide sequence encoding the polypeptide of interest. A protease 
sensitive-site is placed between them to facilitate release of the peptide encoded by the barcode 
sequence. The polypeptide is expressed and then selected on the basis of an activity, e.g., a 
binding activity. Those polypeptides which possess the activity of interest can be then subjected 
to protease cleavage to cause the release of the barcode peptide. The peptide can be directly 
sequenced or analyzed by mass spectrometry to determine its amino acid sequence. This 
information is reversed translated into an oligonucleotide sequence that can be utilized to 
specifically amplify (by polymerase chain reaction) the polypeptide possessing the activity of 
interest. See, e.g., Specification, Page 2, line 25-Page 30, line 30. 

The design of barcodes, including their structures, is described throughout the 
specification. For example, on Page 4, lines 23-44, an eight-amino acid barcode sequence using 
17 of the 20 natural amino acids is described. A specific example is provided of a family of 
peptide barcodes and their corresponding oligonucleotide sequences. See, Page 5, lines 1-35. 
Example 2, beginning on Page 29 of the specification, provides a specific working example of 
barcode sequence. See, Page 30, lines 5-15. Another example is disclosed on Page 35, lines 30- 
35. Thus, the specification provides adequate written description of the barcode sequence, 
including specific structural examples. 

Protease sensitive sites were well-known in the scientific community at the time the 
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application was filed. The specification describes the structures for enterokinase, Factor Xa, and 
thrombin, proteases that are widely used in molecular biology. See, e.g., Page 3, lines 5-10 and 
Page 23, line 34-Page 24, line 2. A V8 protease cleavage site is also disclosed. See, Page 30, 
lines 5-15. Thus, specific structures of protease-sensitive sites are described in the specification. 
An Applicant is not required to disclose every species encompassed by their claims. In re 
Angstadt, 537 F.2d 498, 502-503, 190 USPQ 214, 218 (CCPA 1976). Other protease sites were 
known in the art. These include, e.g., enterokinase (Hopp et al., 1988), thrombin (Eaton et al., 
1986; Manoharan et al., 1997), collagenase (Gehring et al., 1995), tobacco etch virus (U.S. Pat. 
No. 5,532,142), IgA protease (U.S. Pat. No. 5,427,927), and dipeptide-specific proteases, such as 
aminopeptide B and carboxypeptides B, E, and N (U.S. Pat. No. 5,506,120). A patent need not 
teach, and preferably omits, what is well known in the art. In re Buchner, 929 F.2d 660, 661, 18 
USPQ2d 1331, 1332 (Fed. Cir. 1991); Hybritech, Inc. v. Monoclonal Antibodies, Inc., 802 F.2d 
1367, 1384, 231 USPQ 81, 94 (Fed. Cir. 1986), cert denied, 480 U.S. 947 (1987); and 
Lindemann Maschinenfabrik GMBH v. American Hoist & Derrick Co., 730 F.2d 1452, 1463, 221 
USPQ 481, 489 (Fed. Cir. 1984). 

It is not correct that all functional descriptions of genetic material do not meet the written 
description requirements. This was expressly stated in Enzo Biochem Inc. v. Gen-Probe, 63 
USPQ2d 1609, 1613 (Fed. Cir. 2002). As pointed out by the Enzo Court, antibody claims are 
considered to be in compliance with §112, first paragraph, even though no structural features of 
the antibody are disclosed in the specification. Similarly, the identifier and protease sites are 
sufficient to comply with the written description requirements. (Indeed, the present examiner has 
allowed claims reciting "exonuclease sensitive site" which is analogous to the feature recited in 
the pending claims that are now alleged to lack written description. See, U.S. Pat. No. 
6,322,969). 

The examiner's reasoning in relying on Eli Lilly and Fiers on Page 7 of the Office action 
dated August 25, 2004, is neither relevant nor appropriate. In those cases, the Applicant had 
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discovered a single sequence for a protein from one mammalian species, but was attempting to 
cover the entire genus of mammalian proteins. This is not the case here. Applicant is claiming a 
general method of identifying proteins, and a library that is useful in this claimed method, not a 
specific protein as in the Eli Lilly and Fiers cases. Applicant is not claiming beyond what is 
described and enabled in the specification, i.e., the general method and use of a library having 
certain structural features that make it useful in the method. 

Claims of such type and scope have been granted by the Patent Office (e.g., System to 
detect protein-protein interactions, U.S. Pat Nos. 5,283,173; 5,468,617; and 5,667,973). There is 
no statutory reason to preclude it. 

It is also alleged on Page 5 of the Office action that "... there was no immediately 
apparent [sic] or 'real world' utility as of the filing date" is preposterous. Not only does the 
specification provide a number of uses of the claimed library and methods, but beginning on 
Page 26 of the Specification, several actual and working examples are described in which 
proteins with a binding affinity to a target were identified. This clearly is a substantial, specific, 
and credible utility. 

In view of the above remarks, favorable reconsideration is courteously requested. If there are 
any remaining issues which could be expedited by a telephone conference, the Examiner is 
courteously invited to telephone counsel at the number indicated below. 
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The Commissioner is hereby authorized to charge any fees associated with this response or 
credit any overpayment to Deposit Account No. 13-3402. 
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fS^SfrUy™" 101 MARKER SEQUiNC^ 
USEFUL FOR RECOMBINANT PROTEIN 

IDENTIFICATION AND PURIFICATION 

March, Douglas Pat Cerretti, David L. Urdal and Paul J. Conlon 

S^iS^^^S^S » 9 ? 98, °'- < ^ i J^ty 
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A small hydrophilic peptide of eight ami- 
no acids (AspTyrLysAspAspAspAspLys) 
was engineered onto the N-terminus of a 
variety of recombinant lymphokines for 
the purpose of aiding in their detection 
and purification from yeast supernatants 
or E. colt extracts. An antibody specific for 
the first four amino acids of this sequence 
was used as a detection reagent and for 
immunoaffinity purification of products 
under mild conditions. Because of the 
small size of the peptide moiety and its 
hydrophihe nature, the proteins were un- 
affected by its presence and retained a 
tom j&el of biological activity. In addi- 
*£*> lt w ?* possible to remove the peptide 
v ^ a an enzymatic cleavage procedure us- 
ing enterokinase. 
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mong the many approaches taken to improve 
the yield and purity of recombinant proteins, 
one particularly useful procedure is to express 
F des "-ed polypeptide as part of a lar ff er 
fusion pro*in^. Fusion to a protein-export signa^se- 
quence has been used to cause secretion ofproducS from 
yeast' and \E, cot* cells. Furthermore, it has recendv £en 
^cpgn^d that an attached fusion polypepu^s^^ce 

Si P C 38 30 to ident *Wor purifying the 
product. For examp e, in several cases the added polypep- 
ode^ segment contains a complete second protein 'that 

&E& ^ in K clud f ^^tosidase fusion proteins that 
Snr^^ Sepharose columns' 

and protein A fusion proteins that bind to immunofflob- 
uJm. crfumnsa, Such fusion proteins can be highTy p^uS 

^p^rnatants over columns of an appropriate affinity 
mamx, Aen elutmg the purified fusio^protein by cW 
^.conditions so that binding is no longer possible A 
related approaches to use an antibody directed against the 
added sequence as a detection* or affinity purification 
rggent^ although the high binding 7 affinity of 
most antisera and monoclonal antibodies often require 
the use of denaturing conditions for elation of theT^- 

havj not S ^n Pr T in **** "*£ 3S SCVeral d ^^backs that 
have not been adequately addressed in the past. First 
most fusion protein products fail to fold properly in to a 

tide segment is responsible for this misfolding duf ^ 
BOTECHNQ OGY VQI a nr-rrwo *ooo 



unfavorable interactions during foldM? 
protein. This often necessitates treatmlf 
denaturants such as 8M urea and lW<m 
followed by refolding procedures 1 1 ** 

A further problem with fusion protei&W 
difficult or impossible to remove the addiSoi 
carbbxyl-terminal sequence from the^S 
product. One solution has been to use'|P* 
condiuons and chemical cleavage agen^sl 
70% formic acid* or low pH incuba$ 
cleavage. However, recent studies have aW 
somewhat milder chemical cleavages suf ' 
amine treatment at pH 9.0 14 or enzyma#i 
dures under physiological conditions, tlfil 
factor X a has a proteolytic specificity fofef 
sequence IleGluGlyArg, and has been m 
giobin from a XcII protein fusion sequejrg 
aUowing specific cleavage by coHaeenasi 
proposed 8 . Sassenfeld and Brewer 1 5 dev£l, 
ed ion-exchange : purification technique^ W; 
proteins to a C-terminai series of argiriiriefl 
are subsequently removed by carboxyp^ptr 4 ' 
ment. These enzymatic processes have beer 
several instances, but often have been lim 
cleavage yields or by unwanted cleavages thai 
the desired protein sequence 10 . ;'&f* 
We decided to create a recombinant p*b^ 
and purification system that incorporated 
of the above mentioned procedures in ordefl 
fusion sequence with a combination of me mi 
properties. Here we report the development d| 
terminal fusion sequence AspTyrLysAsp Asrii 
that we refer to as a marker sequence or "FlaeS 
for antibody mediated identification and pflg 
recombinant proteins. We also describe 
antibody that reacts with this sequence and carBf 
an lmmuno-affinity purification reagent that 
marker fusion proteins under very mild conditif 
ly, the marker sequence can be removed by treaia 
the protease, enterokinase, which is specffic for tj 
terminal amino acids of the marker sequence'* ^ 
treatments are required at any step in this &0 
proteins purified by this approach retained theiil 
cal activity throughout the purification, even 
marker sequence was attached. This paper desci 
expression of several such fusion proteins in ,~ " 
cerevtsxoe and Escherichia colu 

RESULTS 

In order to develop this system, we performed ^ 
of interrelated steps. The eight amino acid marked 
tide was engineered onto the N-terminus of the lvmt 

H^otiH ' ^ 2 . (IL - 2)I7 ^ means of synthetic o\ 1 
cleotides. The fusion protein was expressed in yeaSl 
the product purified by conventional means, then us\ 
an immunogen to produce a monoclonal antibody (4 
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for the marker sequence. The antibody func- 
as a reagent for a number of different immuno- 
icM procedures including "Westerns/* "dot blots," 
noprecipitations, and affinity purification when 
f <j to a solid support. Furthermore, the discovery 
*^E11 antibody would release its antigen when 
was removed from the medium led to the devel- 
t.pf a mild purification procedure for fusion pro- 



tein elution from the affinity columns. Next, treatment of 
the fusion proteins with enterokinase demonstrated that 
the enzyme was capable of removing the marker segment 
efficiendy, with little or no observable degradation of the 
desired! protein product. Finally, measurements of specif- 
ic activity demonstrated that, for all proteins tested, no 
appreciable loss of activity was caused by the presence o * 
the marker segment on the N-termini of the recombinant 
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PstI 
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leader 



Hindffi 
StuI 



/Marken 



IL-2 cDNA 
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Kpnl 

GTA CCT TTG GAT AAA AGA GAT TAC AAG 
GA AAC CTA TTT TCT CTA ATG TTC 

Pro Leu Asp Lys Arg Asp Tyr Lys 
HI 



HgiAI / - 

GAC GAC GAT GAC AAG GCA CCT ACT TCA 
CTG CTG CTACTG TTCCGTGGATGA AGT 

Asp Asp Asp-Asp Lys Ala Pro'Thr Ser 



a-foclor leader 



I 

KEX2 



Marker 



J IL-2 
Enterokinase 



$iid pIXY8, for expression of the IL-2 fusion 
b$tt,:The synthetic oligonucleotides used in con- 
gplasmid extended from the Kpnl site at the left 
^ ^ce. shown below the plasm id diagram, to a blunt 
\£*giAI site near the right side, ending with the 
'£,C-terminal lys residue of the marker peptide 
p coding sequence extended from a blunt 



end before the first codon of IL-2 (Ala) to a StuI site beyond 
the termination codon. The arrows below the amino acid 
sequence indicate the sites of cleavage by the KEX2 protease 
to remove the a-factor precursor sequence from the primary 
translation product, and by enterokinase, to remove the 
marker peptide from the product protein. 
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IAGCT GAC TAC AAA GAC GAT GAC GAT AAA GC . 

1 CTG ATG TTT CTG CTA CTG CTA TTT CGTGGG 

Ala Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys Alo-Pro 
- ■ I . t.H 



SfaNI 



TGGGl ^ 



Sspl 



GM-CSF 




%d pRL6-6-87, for expression of the GM-CSF 
g^in E. coH. Abbreviations: Ipjp, lipoprotein 
lactose promoter-operator region; ompA sig- 
mbrane protein A signal peptide sequence; GM- 

#!>■;:. 
"•■ ■; • ■ 



CSF, human granulocyte-macrophage colony stimulating fac- 
tor; Ipp 1 ", lipoprotein terminator; lad 9 , lactose repressor; ori, 
origin of replication. 
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products. 

Secretion of fusion proteins from yeast. Figure 1 shows 
the plasmid pIXY8, used for production of the IL~2 
fusion protein m yeast. Similar constructs with the ADH2 
promoter replacing the ot-factor promoter were used to 
express granulocyte colony stimulating factor (G-CSFV e 
interleukin 3 (lL-3)» interleukin 4 (IL-4)» and granulo- 
cyte-macrophage colony stimulating factor (GM-CSF) 21 
fusion proteins. AH of these proteins were secreted into 
culture media by yeast. Each had the expected molecular 
weight for the correcdy processed form (i.e. with leader 
peptide removed) and yielded the expected sequence of 
the marker peptide on N-terminal amino acid sequence 
analysis. The IL-2 fusion protein was purified by HPLC 
for use as an immunogen, while the other fusion proteins 
were purified by the 4E1 1 antibody immunoaffinity chro- 
matography procedure (below). For comparison, essen- 
tially identical vectors were prepared that expressed each 
protein without the marker peptide. These products were 
recovered from the yeast culture media and purified to 
homogeneity by conventional techniques including HPLC 
and ion exchange chromatography 22 . 

Expression of GM-CSF fusion protein in E. colL The 
construction of the plasmid pRL6-6-87 for expression and 
secretion of the GM-CSF fusion protein in E. cob is 
outlined in ftgure 2. This plasmid allows the secretion of 
the marker peptide GM-CSF fusion protein by means of 
the signal peptide from the outer membrane protein 
OmpA. The product obtained from £. coU cultures had 
?wS3J?? d . moIecuJar W€i gnt for the marker peptide 
GM-CSF fusion and yielded an N-terminal amino acid 
sequence corresponding to the marker peptide sequence. 

The marker-specific antibody. The isotype of the 4E1 1 
antibody is IgG 2B. It was found to be reactive with 
proteins bearing the marker peptide sequence in a variety 
of procedures, including ELISAs, dot blots, Western blots, 
lmmunopreripitation and affinity chromatography, as de- 
scribed below. The antibody was found to react with all of 
the marker peptide fusion proteins that we "Have pfo- 




duced. The antibody exhibits no reacttvlj 
marker products, or any component 'Iffl 
extracts, or in yeast culture medium. ^ 

Purification. Figure 3 shows the 
affinity purification chromatograms onfl 
made with the 4E11 antibody. In Fi#tt|S, 
supernatant obtained by fermenting yefs, 
GM-CSF expression vector was passed OvjS 
purify the fusion protein that had beenvjSB 
medium. Medium components were rem^ 
with PBS containing 0.5 mM CaCl 2 , wttW 
remained bound to the antibody. Subseqiwl 
PBS containing EDTA dissociated the?n$ 
antibody complex and released the GMr£&, 
tein as a purified product. The multiple rn^m 
species eluting from the column are typ\M 
teins secreted from yeast and result from$| 
glycosylation by yeast cells. All bands \ye$| 
GM-CSF, based on Western analyses using^l 
anti GM-CSF monoclonal antibody as . del 
agents. 

Figure 3B shows the results of affinity cfirl 
of an extract of E. coli cells that had bee^f| 
with pRL6-6-87 in order to produce the\Gj§fj 
protein. Chromatography was carried # 
yeast GM-CSF fusion, except that 1 mM9&! 
during washing and 0.1 M glycine HC1 pH® 
used to elute the product. The GM-CSppE? 
eluted as a single molecular weight spede^*| 
does not glycosylate proteins. The producjt^H 
pure after this single chromatographic sr£p|l 

The binding of the 4E11 antibody:^^^ 
peptide is dependent on the presence '<p0M 
property has been reported for a few otheW 
the past* 3 . We observed that if insufficie 
calaum were present in washing buffer, th& 
proteins would leak from the affinity c|» 
though they had bound quantitatively whe^fv 
natant or £. coli extract was passing over i£e?L 
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BWW 3 Affinity purification of recombinant fusion proteins. 
Sn nr2 "n r ' Sta ^ d polyacrylamide gel of yeast GM-CSF 
ISSSS^o 1 " P unficauo "- Lanes are: 1: molecular weight 
standards. 2: yeast supernatant; 3: flow through material; 4- 

J^qSmt^'I l?,M Washesj 7 ~ 15: ^quendal 

IW? "2 ^ EDT ^ el V Uons i 16: molecular weight standards 
Panel B: Silver-stamed gel of £. coli GM-CSF fusion protein 



purification. Lanes are: 1: molecular weight standards; SB 

J2 J T i ™ M Ca £ la wa ? hes : 7 ~": sequential 0.1 M dly-Jr! 
P - J • el J u . tl ° n5 ;, 12: molecular weight standards. Number* 
DSS '^o^' I° r ^ 5tandar d proteins (in kiloba 

tons) The 94K standard was omitted from the gel shown! 
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g the effect of various concentrations of CaCI 2 in 
ihg buffer, we determined that concentrations of 
iVii above 0.3 mM were necessary to retain the fusion 
"ins on the column. Given this calcium dependence, it 
<>und that rapid elution of fusion proteins could be 
«*4 by using EDTA in the elution buffer. It was also 
to elute proteins simply by using a calcium free 
vbuffer aftei* the columns had been washed with 
plaining calcium, However, under these conditions 
**d fusion protein tended to spread through more 
than when the elution buffer contained EDTA. 
^kinase treatment. Figure 4 shows the results of 
^|iase treatment of the IL-2 fusion protein. In- 
^stmounts of enterokinase were acided to identical 
^of the IL-2 fusion protein, then the samples were 
vTT for 16 nr at 37°. As the concentration of enzyme 
jased, a component appeared at the molecular 
0i1^ e auth entic IL-2. At the highest concentra- 
ting 111 ? > tne conversion of fusion protein to 
tjfprotein was complete, and an approximately 
^papunt of authentic product had been formed. 
J?. 1 : ansu V ses u sing 4E11 and anu-IL-2 monoclo- 
nes confirmed the identities of the products 
^ .silver gel. Only the higher molecular weight 
■reactive with 4E11, but as expected both the 
flower molecular weight species were reactive 
T nti-IL-2 antibody. Amino terminal sequence 
|the resulting cleavage products indicated that 
^ n protein was cleaved after the second lysine 
i: peptide yielding the expected sequence for 
jg IL-2 N- terminus. As can be seen in Figure 4, 
'^is complete, and in this case results in only 
of detectable lower molecular weight by- 
[ied by enterokinase cleavage within the IL-2 
^dually the same cleavage pattern was ob- 
:|£he other fusions as well. In no case were 
|j>rpducts present in quantities greater than 
protein (determined-by sequence analysis). 
*p>? biological activity. The marker peptide 
expressed in yeast and E. coli were all 
^ctiye despite the presence of the marker 
*%>een in Table 1. In all cases the levels of 
rity obtained with the fusion proteins were 
j>wild-type recombinant proteins expressed 
~rker sequence. In the case of GM-CSF the 
; values in Table 1 were obtained before 
Jrioval of the marker sequence by enteroki- 
§r\y identical specific activities obtained indi- 
:M^ ld of cleaved product is probably near 



m ■ 



Peptide fusion system described in this 
a unique and widely useful technique 
identification and purification. In addition, 
gfis have shown that the marker peptide is 
*th heterologous expression systems: one, 
V| P m P A signal and the yeast pre-pro alpha 
^uences, when fused to the marker pep- 
ty. processed by their respective proteases 
Km of marker peptide-protein fusions with 
^minus. And second, because many inves- 
|PPrted problems in the N-terminal proc- 
>!^y expressed mammalian proteins 24 -* 6 , 
,^e marker peptide to protect the N- 
^desired product may be another impor- 
jfehis system. 

ty to produce authentic N-termini upon 
t;^?™ 6111 * s an improvement over a number 
^ protein approaches. Those that require 



chemical cleavages using Asp-Pro 12 or Asn-Gly ls directed 
reagents, for example, must necessarily leave a proline or 
glycine at the N-terminus of the product. Although we 
have not yet tested the ability of enterokinase to cleave the 
marker sequence from N-termini containing all of the 20 
possible amino acids* we have found that it is capable of 
cleaving products with N-terminal Glu, Ala, Thr, Leu and 
He residues. This suggests that this procedure will be 
useful for a wide range of N-termini including charged 
and uncharged, hydrophobic and hydrophilic residues. 

There are several requirements that should be met by 
an efficient detection and purification system based upon 
fusion polypeptide expression: First, the added marker 
segment should riot interfere with the native folding of 
proteins to which it is attached. Second, the marker 
peptide sequence should be intrinsically water soluble and 
should retain a high degree of exposure in the aqueous- 
environment of the protein, so that it can readily interact 
with the affinity purification substrate. Third, it should be 
useful in an affinity purification step that requires only 
very mild media, and be elutable with a non-denaturing 
and inexpensive eluant. Finally, the marker peptide 
should be easy to remove and the product protein should 
not have any amino acids added or deleted once the 
marker peptide has been removed. The Flag™ peptide 
fusion system was designed to possess all of these proper- 
ties, and our data with several recombinant proteins 
suggest that it may prove to be a universal purification 
system for proteins expressed in heterologous organisms. 

Several factors were considered in choosing the specific 
sequence of the marker peptide moiety. We chose to limit 
the marker-pepude sequence to only eight amino acids 
because .it can easily be encoded in a single synthetic 
oligonucleotide, and because the longest trypsinogen pro- 
sequences are of this length. We therefore could be 
reasonably sure that the trypsin-activating enzyme, en^ 
terokinase, would work efficiently to release the peptide. 
Additionally, because antibodies require up to six or seven 
amino acids for avid binding interactions, we reasoned 
that eight amino acids should be the minimum sequence 
capable of strong binding to an antibody while allowing 
one or more of the last amino acids on the C-terminal end 
to act as a spacer to separate the antibody binding portion 
from interference with the bulk of the protein. Finally, the 
five C-terminal amino acids of the marker sequence 
represent the minimal enterokinase specificity site 
AspAspAspAspLys. 

The choice of Lys at position three of the marker 
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Determined by dot blot assay using 4£l 1 antibody to detect 
marker peptide containing material. 

Proteins in this column (except E. coli GM-CSF) were pro- 
duced without the marker segment and purified by conven- 
tional means. 
c Not determined. 

l ^ is , C ^ e ' specific activities were determined on the same 
sample before and after enterokinase treatment to remove the 
marker segment. 




sequence causes the marker peptide to contain the hexa- 
peptide sequence, LysAspAspAspAspLys, that has a maxi- 
mum value on the hydrophilicity scale of Hopp and 
W6pds 27 . Such maximally hydrophilic. sequences have 
been proven to express strong antigenicity and are corre- 
spondingly likely to adopt a highly exposed conformation 
in the three dimensional folding of a protein 88 . As can be- 
seen in Figure 5, it is impossible for any other region of a 
protein to have a higher hydrophilicity value than this 
maximally hydrophilic sequence, so the marker segment is 
virtually guaranteed to be exposed at the surface of any 
fusion protein. Therefore it can always be expected to be 
available for binding to antibody. Perhaps most impor- 
tantly, the strong predilection for externaiization should 
guarantee that the marker segment will not interfere in 
the adoption of a native conformation by the remainder 
of the protein. 

In addition to the hydrophilic effects of Lys at position 
three, several other considerations influenced the choice 
of amino acids at the N-terminus of the marker peptide. 
Aromatic amino acids have been recognized as major 
factors in antigen-antibody interactions 29 so a tyrosine was 
placed at position 2, flanked by charged amino acids. 
Recent evidence suggests that aromatic residues that are 
flanked by charged sequences* are more likely to be 
involved in antigenic sites than are other aromatic resi- 
dues in less , polar environments 28 . The decision to place 
an Asp residue at the N-terminus was made in part 
because the negative chkrge on the Asp should aid in 
exposing the Tyr to antibody, as mentioned above, and in 
part because, with the inclusion of the Asp at position i, a 
total of eight charges are to be found on the marker 
peptide moiety, including the N-terminal amino group. 
This preponderance of charged residues was expected to 
make it likely that antibody binding would be heavily 
dependent on charge-charge interactions, and therefore 
might be highly susceptible to elution with commonly 
used salt solutions such as 2 M MgCl 2 or 1 M NaCR In the 
end, the serendipitous discovery that Ca +2 was involved in 
the charge-dependent binding of the marker sequence to 
the 4E1 1 antibody made even these mild salt treatments 
unnecessary. 

We have seen that fusion, -proteins retain the appropri- 
ate specific activity even 'with- the marker segment still 
attached, and that this 'activity can be maintained after 
enterokinase treatment to remove the marker sequence. 
Comparisons of several of these fusion protein products 
with their natural counterparts (Table 1) demonstrated 
that the presence of the marker did not decrease the 
specific activity of the fusion proteins relative to the same 
proteins with no extraneous amino acids added. We have 
recently begun using a larger version of the 4E1 1 column 
to prepare proteins in milligram quantities. This level of 
scale-up required no special procedures or equipment, 
and can still be done as a bench top experiment. Further 
scale up for production of gram or kilogram quantities is 
contemplated, and will be limited only by availability of 
antibody and enterokinase. One advantage of the 4E11 
antibody is that it can be purified on an affinity column 
comprised of chemically synthesized marker peptide at- 
tached to a solid support arid eluted with EDTA. 

One area that remains potentially problematic is the 
provision of adequate enterokinase for this process, both 
in ternis of quantity and quality. We sampled commercial 
sources of enterokinase, but found that our fusion pro- 
teins were digested into small fragments, presumably by 
contaminating chymotrypsin, trypsin and elastase that are 
ikely to be present in these partially purified prepara- 
tions. Our own crude bovine intestinal preparations also 
caused substantial unwanted hydrolysis, until we used the 
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nCSU 4 Enterokinase digestions. The IL-2 f^tto^, 
incubated with increasing amounts of bovm||j| 
and the digestion Was analyzed by silver-stainintoT 
are: 1: purified IL-2 fusion protein (200 ngj$¥ 
fusion protein + 2 ng enterokinase; 3: fusiohfftft 
enterokinase; 4: fusion protein + 20 ng eri&'rpS 
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SEQUENCE POSinoV^^ 
RGWI 5 Hydrophilicity plot of the IL-2 fusioV£f$|| 
profile was generated using the updated HYDK$H 
of Hopp 19 . The scale is oriented so that hydroj>rp* 
hydrophobic is at bottom. Valley regions are exja>| 
buried portions of the polypeptide, whereas peak&$ 
ed to be exposed at the surface of the protein. Tri'&* 
peak near the N-terminus results from the extren^e*L 
philic hexa peptide, LysAspAspAspAspLys, contai^'d 
the marker peptide sequence. v *&v$ 

• • ••• • a 

protocol of Liepnieks and Light* 0 for remdvM 
other proteases. The fact that a minor amount^! 
ed cleavage is seen in some cases when the marker 
is removed (Fig. 4) suggests that traces of cbtii^ 
proteolytic activity may still be present in ouriL, 
preparations of enterokinase. An ideal solution m 
to clone enterokinase and express it in a recor 
organism. This would provide starting mate;' 



much lower levels of contaminating proteases, a$I| 
higher levels of enterokinase. Furthermore- 
enterokinase gene in hand, it might be possible $1 
neer a smaller form of the molecule, lacking the^f 
phobic portion that binds it to the membranes V$$ 
intestinal villi. This would simphfy purification anU 
crease the mass of enterokinase needed for cleavage'ol 
marker segment. ■■■yf 
Despite the need for further development of enieL 
nase, this system for fusion protein detection and purifj 
tion already represents a useful technique. It offers! 
possibility of using a single procedure for the purifica| 
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uitiple fusion proteins. Although it is also possible to 
y fusion proteins from yeast medium or E. coli cells 
nventional means such an ion exchange or reverse 
ie chromatography, these procedures require new 
ipd development for each new protein, whereas with 
<kv fusions, the same process is applicable to all 
"ihs. Finally, because the marker segment does not 
r to have decreased the biological activity of any of 
Oteins that it has been placed on, it may not always 
pessary to remove the marker segment in order to 
fail active product. In such cases, this useful "han- 
be retained on the molecule, enabling in vestiga- 
/ireadily detect and manipulate their recombinant 
^products. 

r AL PROTOCOL 
smid construction. The yeast vector used for protein 
Jn has been described previously 31 . This vector contains 
c£s, from pBR322 that allow selection (Amp*) and replica- 
^< coli, as well as the yeast Trpl gene and 2jx origin of 
ri for selection and autonomous replication in a trpl 
" i- Expression of foreign genes is under conuol of the 
tirpmoter 3 or the ADH2 promoter 52 " and secretion is 
,uy" the a-factor leader peptide. To generate the IL-2 
^vector pIXYB, themature coding region of IL-2 17 was 
^rame to the marker peptide and the a-factor leader by 
'« .synthetic oligonucleotide linker encoding the five C- 
mino acids of the a-factor leader and the eight amino 
~e marker peptide (Fig. 1). The vectors that directed the 
*' ~f the other products were generated by two modifi- 
' IXY8. First, the a-factor promoter was removed by 
jthe, plasmid with EcoRl and PstI, then inserting the 
pjmoter using a synthetic oligonucleotide linker. Sec- 
^.rker and appropriate protein coding sequences were 
' ■\ce of the IL-2 sequence (Fig, 1) and linked with a 
^nucleotide that extended to the Hpal site. 

yeast strains. S. cerevisiae strain XV218/(a/a-trp-l) 
in either selective medium [YNB ~trp, consisting of 
'^Nitrogen Base (Difco), 0:5% Casamino adds, 2% 
$ug/ml adenine and 20 u^g/ml uracil] or rich medium 
jsjung of .1% Yeast Extract, 2% peptone and 1% 
jjilemented with 80 ug/ml adenine and 80 tLg/rnl 
^^transformations were done by selecting for Trp + 
"'jts^B. Cultures were grown for biological assay Dy 
i^0-50 ml of rich medium with the appropriate strain 
(g;the cultures at 30°C to stationary phase. Cells were 
r ed by centrifugalion and the medium was filtered 
t 45ft cellulose acetate filter. Sterile supernates were 
'^'Larger scale fermentations were done in a 10 liter 
Microferm fermentor. Cells were removed from 
i using a Millipore Pellicon fUu*ation system. 

n of the E. coli vector. Plasmid pIN-III-QmpA 3 is 
ression vector regulated by the tandem Ipp? (lipopro- 
r)fku^° (lactose-promoter-operator) that contains a 
leader sequence for protein secretion 34 . Construe- 
^QM-CSF expression vector was accomplished by 
digestion at the unique BamHI site of pIN-III- 
cfwed by its conversion to blunt ends by treatment 
^transcriptase (Boehringer-Mannheim). The vector 
JjfttJy restricted with Hind III, and used in a three- 
K&th a synthetic oligonucleotide encoding the marker 
J ence and cDNA encoding GM-CSF to produce 
^outlined in Figure 2. 

0E. coli. Plasmid pRL6-6-87 was introduced by 
ijri into E. coli strain JM107, (Alac,pra, thi, strA $ endA % 
$}, troD36, proAB* , lacF-ZbMXS) which was grown 
Jftiinimal medium containing 1% (w/v) methionine 
J(DlFCO) and ampicillin (50 \Lg/m\) to an OD«jo of 
j^iyere induced following addition of isopropyl-(J-r>- 
ranoside (IPTG) and cyclic 3 '-5' adenosine mono- 
\.lMi*) to 2mM and 4mM, respectively, and allowed 
jihe GM-CSF fusion protein tor 2—4 hr. Cells were 
ntrifugation, and pellets either stored at — 70°C or 
~d for extraction and purification of marker 
coli pellets were extracted by the following 
jgpellet from 500 ml of culture was suspended in 50 
^ ? NaCl, 50 mM NaH 2 'PO^ t>H8.4, to which 1 mM 
^tilfonylfluoride had been aaded immediately prior 
er. freezing (-70°C) and thawing three times to lyse 
' the sample was incubated at 57°C for 30 min to 
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complete lysis and to extract the protein product. The viscous 
extract was treated by do u nee homogenization to achieve a 
uniform solution, then centrifuged at 25,000jr for 45 min at 4°C. 
The supernatant was adjusted to 0.5 mM CaCl 2 , recentrifuged if 
necessary to remove any resulting precipitate, then applied to the 
affinity column. 

Preparation of immunogens. Palmitic acid conjugated pep- 
tides were produced by solid phase chemical synthesis as de- 
scribed previously 39 . The antigenic marker peptide had the 
sequence AspTyrLysAspAspAspAspLysGlyProLysLysGly to 
which palmitoyl moieties had been attached on the epsilort amino 
groups of the two C-terminal lysines. It is referred to as CBP- 
marker (C-termihal dipalmitoyl marker peptide). A second pal- 
mitoyl peptide, NDP-GM1 (N-terminal dipalmitoyl GM-CSF pep- 
tide I) was used as a non-specific binding control. It had the 
structure LysGlyGlyGluSerPheLysGluAsnLeuLysAspPheLeu- 
ValGly, and also possessed two palmitoyl moieties, in this case 
attached to the two amino groups of the N-terminal lysine 
residue. For purification of the. IL-2 marker peptide fusion 
protein, supernatahts of yeast expressing the IL-2 fusion protein 
were applied to a reverse phase HPLC column. The IL-2 fusion 
product was eluted from trie column using a gradient of acetoni- 
trile, as described previously' 22 . 

Immunization. BALB/c female mice were purchased from the 
Jackson Laboratories (Bar Harbor, ME) ana maintained in our 
animal facility. Mice were immunized subcutaneously with 250 
jie of IL-2 fusion protein emulsified in Freiind's complete 
adjuvant, followed with 125 u,g of the same protein emulsified in 
Freund's incomplete adjuvant four weeks later. Two weeks after 
the second inoculation, a Serum antibody titer to IL-2 and the 
marker peptide was measured by "dot-blot". The animal Was then 
challenged with 10 |Ag of protein intravenously four days prior to 
fusion. 

Hybridoma derivation. Four days after the intravenous boost, 
the animals were sacrificed! their spleens removed, and a single 
cell suspension prepared'. The splenocytes were fused to the 
HAT sensitive myeloma cell, NS-L *The resulting hybridomas 
were then assayed for the production of antibodies to the marker 
peptide seven to ten days later by ELISA (see below). Qne 
nybridoma antibody consistently produced a. positive reaction 
specifically with the marker peptide moiety. This cell line, desig- 
nated 4E1 1, was then cloned by limiting dilution, isotyped, and 
further characterized. 

ELJSA. Various peptide solutions (CDP^marker, or NDP- 
GM1) were applied to HA plates (Millipore, Bedford, MA) at a 
concentration of 40 ng per well and allowed to incubate for 30 
min at room temperature. Nonspecific protein binding sites were 
blocked by an incubation with 3% bovine serum albumin in Tris 
buffered saline, pH 7.0 (TBSA) for 1 hr at room temperature. 
Hybridoma supernatants were added and the plates incubated 
for 1 hr. Following this incubation, the plates were washed with 
PBS and an alkaline phosphatase labeled goat anti-mouse anti- 
body (Sigma Chemical, St, Louis, MO) was added. Following a 1 
hr incubation, the plates were washed several times with PBS and 
a colorimetric indicating reagent was added (substrate tablets, 
Sigma Chemical). Contents of each HA plate were then trans- 
ferred to a polystyrene 96 well plate (Linbro/Titertek, Flow 
Laboratories, McLean, VA) and the absorbance at 405 nm 
determined on a Titerscan (Flow Laboratories). 

Production and purification of 4E11 antibody. Pristane- 
primed BALB/c mice were injected IP with 1 x 10* hybridoma 
cells. Ten to twenty days later, the ascitic fluid was recovered, 
centrifuged at 1000 x g for 30 minutes at 4°C, passed through 
cotton gauze, and the supernatant stored at -20°C until heeded. 
The monoclonal antibody 4E1I was purified from ascites fluid 
usin$ MAPS II Protein A Affigel (Bio.Rad, Richmond, CA) 
affinity chromatography. The purified antibody was found to be 
homogeneous by 3DS-PAGE analysis. 

4E11 column preparation. Purified 4E1 1 immunoglobulin was 
concentrated by ultrafiltration. After dialysis against Q.IM Hepes 
buffer, pH 7,5 at 4°C the antibody was coupled to Affigel- 10 (Bio- 
Rad) in accordance with the manufacturer's instructions. A 
typical antibody-coupled gel contained from 1.5 to 4.5 mg 
antibody/ml of gel. Columns of 4E1 1 coupled gel of 1.5 ml bed 
volume were prepared in polypropyfene columns (Bio-Rad) and 
washed with 15 ml PBS, 15 ml 0.1M glycine HC1, pH 3.0, and 
stored at 4°C in PBS/0.02% sodium aztde. 

4E11 column chromatography. Yeast culture filtrates were 
brought to physiological levels of salt and pH by adding 10X PBS, 
and made 0.5 mM in CaCl 2 by adding 1 M CaCl 2 , and then loaded 
onto the 1.5 ml column of 4E1 1 coupled Affigel 10 under gravity 
flow. E. coli extracts did not require any further additions because 
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the extraction medium contained physiological levels of salt and 

CfZ^l 5 m , M U P '°J 00 •»! of filtrate were pLSed 

*™ «» "nan, depending on the level of expression of the 

5S?Eft£ ?r° tem - A ?S r] T^- the column was washed with 
Uiree to five alicjuots of 3 ml of PBS containing 0.5 mM CaO, 

™ '°« W « ca ^ r,ed out with PBS Peking CaClf and containing 
2.0 mM Naj EDTA or with 0.1M glyefne HC1 pS 3 0 Eacf 
eluuon fraction was 1 ml. Yields It purified proteins were 
determmed by amino acid analysis, and were typical S 0 % of 

Enterofamwe treatment. Enterokinase was purified from bo- 
vme uitestine by the procedure of Liepnieks anS Light" & mD |« 

?.*"^x"„s' d ;» rr n^ , ,r!%" 1 ■**» is Ss 

IT^'T^ ^^r/^ oFlL " 2 was ^asured using the murine 
IL-2 dependent T-cell line CTLL-2" The activity of Gm Sf 

U\S g^f W3S meas " red , by F ^C-P2 cell proliferation" 
H-^* and G-CSF were assayed as described 3 ^. Specific activities 

samples of each protein, after quantify&g by amino acid analysis 
Acknowledgments 

asss - — 1 

Received 19 April 1988; accepted 5 July 1988. 
References 

chemically ^h^iZZ „ ' , 97 T" E*P r «»i°n in Escherichia coti of a 
lSS^SlftS * ^ f ° r honn< > ne somatostatin. Science 

synthesizing promsulin. Pro,, Nad. AradTsd USA75-3?s£?7^ 

9 WlSSv i"*?? 8 ' %hemistry 83:4695-46*. Y synmui2ed 

9 - M^i^fe.^^J •^. Affinity chronuuegraphy. 

12 Su g n^w e . gr v Wth i M i rm S ne - Biotechnology SUM "54 P 

inn.BhS.'g^^^fSd.T ^V 1 ?" Purification of human 
Nucleic AdlTSe? iffi-UM ^ US, ° n ""^ 
' &.°foi T S P^^T'^V OM £ lof ' B - J°»Ph«>n. S., Osding, M 



15. 



culture medium of Escherichia coli, Bio/ri^ 
Sassenfeld, H. M. and Brewer, S.J. 



16 
17. 



18. 



specificity ofprocine enterokinase. 1. Biol $3 
Tamguchi, T\, Matsui, H.. Fujita, fe^ao 
Yoshimoto, R., and Hamuro, J. 198S. S&Sctur. 
cloned cDNA for human mterfeukin-9/WSl 
Nagata, S., Tsuchiya, M. ( Asano, S., KizSo»f 
S 0t ?^£- " irata ' Y - Kubota, N., Ohe^SpfK 
I » 86 - Molecular cloning and expi^Ani ( 
gjanulocyte colony stimulating factor. Nat&jft* 
W Y-G., Ciarletta. A. B., Temple, P. Af#u. 

G. G.. and Clark, S. C. 1986. Human IL^3 (mul 
by expression doning of a novel heniatop^Sfc l 
to murine IL-3. Cell 47:3-10, ™W f 

Yokoto, T„ Otsuka, T., Mosmann, T., 3an£heYe 
Blanchard, D ? De Vries. J. Lee, F. SdiESS! 
and characteniauon of a human cDNA cloWi'h. 
B-cell sumuiatory factor 1 , that expresses B^ll a- 
activiues Proc. Natl. Acad. Sci. USA «Si^p£ 
Camrell, M A., Anderson, D., Cerretti, D:*P^1»ri, 
K., Tujhinski, R. J., Mochizuki, D. Y., Larwrj ,A 
S., and Cosman, D. 1985. Cloning, sequent 
human gremulocyte/macrophagc colony stimuliur 
Acad. Sgi. USA 82:6250-6254 ^ 
Urdal. D. L., Mochiiuki, D„ Cordon, P. U March 
*2 E^nman, J., Ramthun, C, and GtfKtf S 
purmcauon by reversed- phase high performance I 
phy. J. Chromatography 296; 1 7 1-1 79. ' ^ 4 \ 0 
Maurer, P. H., Qark, L. G., and Libcrti. P^'n 
polypeptides (polyaamino adds): Calciumrdctien 
dent antibodies. I. Immunol iAe-*iR7^fe'jQ ":T-:A5; 




yeast. Science 219:620^625. ~Vp7.r 
Aston R., Cooper L., Holder, A., IwnwjA 
Monodonal antibodies to human growtli' fibrmo 



33 
34 

35. 
36. 
37. 

38. 

39. 



— f"M"wica 10 Human growth : hbrmo 
jSS f 7l-S&5l lltary geneticall y engmee^red fo^ 
..f^nhcim, S. R. Cantrrll. M. A., Deeley, M$M& a 
P. J. Anderson, D. M., Hemenway, T.^Mer^, 
and Hoop, T. P. 1986. Purificadon and 
1082 WpreSSed in coh. JB^e 

Hopp^ T.P and Wood,, K. R. 1981. PrediciioM,i 
78^382^28 a ° d ac< l uenccs - Projc|Na 

Hopp, T P. 1986. Protein surface analysis: Memo 
od^88?l C -18 terminantS ° ther inicraction J 
Sefa, M. and Arnon, R. I960. Studies on d^che- 
anugematy of proteins. Biochem. J. 75:91^102^ 
i^P&M^ Light, A. 1979.%e P repira^n 
b^e^terokmase. J. Biph Chem. 254"l6?7-^t3 
55^ » R J? chlzukj » March, C.J. f Ckwmkfr; I 
Klmke, R., Qeveriger, W., Gilli4, S., Baker ?%ct 
Exprasipn, purification and characterization of Sc. 

E3S!^^ ^ ; 

Bder, D. R, and Young, E. T. 1982. Characterfeario 
region upstream of the ADR2 locus of 

. Hinnen* A„ Hicks, J. B., and Fink G R t, 

' ^ by ' ^ T-J?™^ G - Kronheim, S. R.; March C 
Chiaverptu, T. A., Tuahinski. RJ. Moch^k? D ' 
ami Cosman. D. 1987. Expression and pu^calion < 

Hopp, T. P. 1984. Immunogenidty of a synthetic ! 
ffe6 mCnt ** COn ^ don to a 'a"? ^rrieV )! 
Giffis, S., Ferm, M. M., Ou, W., and Smith £ 197f 
toor: parameters of production and T^K6t£ll 
activity J. Immunol. 1*0:2027-2033. M 
nf^ffi n 1 Y V J- Conlon, P. J., Park, L 

£V ^f - Ocvdopment and characterization ofantis, 

Sel^oT™^ ^ 
Prestidge, R. L., Watson, T. D., Urdal. D I m^-k;„ 

sumulaung factors secreted by a T cell lymphoma and 
cyuc leukemia J. Immunol. 133:295-298 P 
Hon^T' m ' ^" man 'J-.Mochizuki, D.; Shanebeck 
S P RS.iT': Ma ? : ^ S GiUis ' S " 198 «- Purificadon . 
mt^i ^"L^S fa ? or: A molecule that sthnUlS , 
multiple lymphokrmvdependent cell Unes. jTEk*!*/, 

™™,i D - ,98 f ' ^.^fcular biology and functions c 
macrophage colony admulating factors. Blood 6™257- 



BIOTECHNOLOGY VOL 6 OCTOBFR 10flR 



505 



Mao, D. t & Wallace, B. A. (1984) Biochemistry 23, 
2667-2673. 

Nathans, J., & Hogness, D. S. (1983) Cell {Cambridge, Mass) 
34, 807-814. 

Oesterhelt, D., & Stoeckenius, W. (1974) Methods EnzymoL 
31 y 667-678. 

Ogurusu, T., Maeda, A., Sasaki, N., & Yoshizawa, T. (1982) 

Biochim. Biophys. Acta 682, 446-451. 
Rehorek, M., & Heyn, M. P. (1979) Biochemistry 18, 

4977-4983. 

Schobert, B., & Lanyi, J. K. (1982) J. Biol. Chem. 257, 
10306-10313. 



Schobert, B., Lanyi, J. K M & Cragoe, E. J., Jr. (1983) J. Biol. 

Chem. 258, 15158-15164. 
Smith, S. O., Marvin, M. J., Bogomolni, R. A., & Mathies, 

R. A. (1984) 7. Biol. Chem. 259, 12326-12329. 
Steiner, M., Oesterhelt, D., Ariki, M., & Lanyi, J. K. (1984) 

J. Biol. Chem. 259, 2179-2184. 
Stoeckenius, W., & Bogomolni, R. A. (1982) Annu. Rev. 

Biochem. 51, 587-616. 
Sugiyama, Y., & Mukohata, Y. (1984) /. Biochem. {Tokyo) 

96, 413-420. 

Taylor, M. E., Bogomolni, R. A., & Weber, H. J. (1983) Proc. 
Natl. Acad. Sci. US. A. 80, 6172-6176. 



Proteolytic Processing of Human Factor VIII. Correlation of Specific Cleavages 
by Thrombin, Factor Xa, and Activated Protein C with Activation and Inactivation 

of Factor VIII Coagulant Activity 

Dan Il85h^ Henry Rodriguez, and Gordon A. Vehar* 
Department of Protein Biochemistry, Genentech, Inc., South San Francisco, California 94080 

Received June 11, 1985 



abstract: Human factor VIII was isolated from commercial factor VIII concentrates and found to consist 
of multiple polypeptides with molecular weights ranging from 80000 to 210000. Immunological and amino 
acid sequence data identified these polypeptides as subunits of factor VIII. N-Terminal amino acid sequence 
analysis determined that the M T 210000 and 80000 proteins are derived from the N- and C-terminal portions 
of factor VIII, respectively; M x 90000-180000 polypeptides are derived from the M T 210000 polypeptide 
by C-terminal cleavages. Treatment of purified factor VIII with thrombin resulted in proteolysis of M T 
80000-210000 proteins and the generation of polypeptides of M T 73 000, 50000, and 43000. Maximum 
coagulant activity of thrombin-activated factor VIII was correlated with the generation of these polypeptides. 
The proteolysis as well as activation of factor VIII by thrombin was found to be markedly dependent on 
CaCl 2 concentration. Proteolysis of factor VIII with activated protein C (APC) resulted in degradation 
of the M t 90000-210000 proteins with the generation of an M r 45000 fragment. This cleavage correlated 
with inactivation of factor VIII by APC. The M T 80000 protein was not degraded by APC. Factor Xa 
cleaved the M T 80000-210000 factor VIII proteins, resulting in the generation of fragments of M T 73 000, 
67000, 50000, 45000, and 43000. Factor Xa was found to initially activate and subsequently inactivate 
factor VIII. Activation by factor Xa correlated with the generation of M T 73 000, 50000, and 43 000 
polypeptides while inactivation correlated with the cleavage of M r 73000 and 50000 polypeptides to fragments 
of M T 67 000 and 45 000, respectively. The cleavage sites in factor VIII of thrombin, factor Xa, and APC 
were identified by amino acid sequencing of the fragments generated after cleavage of factor VIII by these 
proteases. Interestingly, factor Xa was found to cleave factor VIII at the same sites as APC and thrombin. 
This may explain why factor Xa activates as well as inactivates factor VIII. 



Clarification of factor VIII (antihemophilic factor) from 
plasma indicates that its coagulant activity is associated with 
multiple polypeptide chains having molecular weights ranging 
from 80000 to 210 000 (Vehar & Davie, 1980; Fass et al., 
1982; Fulcher & Zimmerman, 1982; Rotblat et al., 1985). 
Recently, cDNA clones encoding the entire factor VIII protein 
sequence have been obtained (Toole et al., 1984; Wood et al., 
1984). The amino acid sequence deduced from such clones 
predicts a mature single-chain protein (2332 amino acids) 
having a molecular weight of ~ 300 000 (Wood et al., 1984; 
Toole et al., 1984). Sequence data obtained from the protein 
chains of purified factor VIII preparations have been shown 
to overlap with the sequence predicted from the cDNA clones 
(Toole et al., 1984; Vehar et aL, 1984), and the purification 
of a single-chain precursor having a M T > 300 000 has been 
reported (Rotblat et al., 1985). Thus, if factor VIII circulates 
in plasma as a single-chain form, it is partially degraded during 



its purification, yielding a form with multiple polypeptide 
chains. 

Amino acid sequence analyses also revealed the orientation 
of the protein chains associated with factor VIII to the sin- 
gle-chain precursor deduced from the cDNA sequence (Vehar 
et al., 1984; Toole et al., 1984). Such data show that the M r 
210000 and 80000 proteins represent the N-terminal and 
C-terminal portions of factor VIII, respectively (Vehar et al., 
1984; Toole et al., 1984). It is proposed that several proteolytic 
cleavages on the C-terminal side of the M r 210000 protein 
generate a series of proteins with molecular weights between 
90000 and 180000 (Vehar et al., 1984; Toole et al., 1984). 

Recently, thrombin activation of factor VIII coagulant 
activity has been shown to be associated with specific pro- 
teolysis of factor VIII protein chains (Vehar & Davie, 1980; 
Fass et al., 1982; Fulcher et al., 1983, 1984; Loller et al., 1984; 
Rotblat et al., 1985). During thrombin activation of purified 
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human factor VIII, proteins with M T 1 10000-210000 appear 
to be proteolyzed to generate an M t 90 000 protein, while the 
M T 80000 protein is cleaved to an M t 73 000 fragment (Fulcher 
et at., 1983). Fulcher et ah (1983) suggest that the M t 90000 
and 73 000 proteins are the active subunits of thrombin-ac- 
tivated factor VIII and that cleavage of the M r 90 000 protein 
by thrombin (yielding fragments of Af t ~ 50 000 and —43 000) 
inactivates factor VIII coagulant activity. In contrast, studies 
with purified porcine factor VIII suggest that cleavage of an 
M T 82000 protein, which is analogous to the M x 90000 moiety 
of human factor VIII, results in further activation of factor 
VIII coagulant activity (Fass et al., 1982; Loller et al., 1984). 
Other than species differences, the reason(s) for this dis- 
crepancy is (are) unknown. 

The inactivation of human factor VIII by activated protein 
C (APC), a vitamin K dependent plasma protease, has also 
been correlated with limited proteolysis of the factor VIII 
protein (Fulcher et al., 1984). Cleavage of factor VIII with 
APC results in the proteolysis of the M t 90000-210000 
proteins with the concomitant appearance of an M T 45 000 
fragment (Fulcher et al.. 1984). 

The above-mentioned studies clearly show that specific 
proteolytic processing of factor VIII regulates factor VIII 
coagulant activity. In this report, we compare the effects of 
thrombin, factor Xa [also known to activate factor VIII (Vehar 
& Davie, 1980; Davie et al., 1975)], and APC on factor VIII 
coagulant activity and correlate the changes in activity with 
changes in factor VIII subunit structure. Furthermore, most 
of the cleavage sites of these proteases have been identified 
by amino acid sequence analyses of the fragments generated 
by the proteolysis of factor VIII. Knowledge of these sites not 
only allows the cleavage patterns of these proteases to be 
compared but also begins to illustrate the basis of the mech- 
anisms that alter factor VIII coagulant activity. 

Materials and Methods 

Human factor Xa, human activated protein C (APC), and 
human a-thrombin were all generous gifts from Dr. Walter 
Kisiel (The University of New Mexico). Affi-gel 10 was from 
Bio-Rad; rabbit brain cephalin and phenylmethanesulfonyl 
fluoride (PMSF) were from Sigma Chemical Co.; Platelin was 
obtained from General Diagnostics; factor VIII deficient and 
normal human plasmas were from George King Biomedical; 
factor VIII chromogenic Coatest assay was from Helena. 
Bio-Gel A- 15m void volume fractions enriched in factor 
VII I /von Willebrand factor (vWF) complexes were prepared 
from commercial concentrates and were a generous gift of 
Cutter Laboratories and Dr. D. Schroeder. 

Purification of Human Factor VIII. Commercial factor 
VIII concentrate from Cutter Laboratories was resolved on 
a Bio-Gel A- 15m column as described by Fay et al. (1982). 
The V 0 fraction containing factor VIII coagulant activity was 
made 1 mM PMSF and 35 mM 0-mercaptoethanol. This 
results in the reduction of von Willebrand factor (vWF)/factor 
VIII complexes, which has been shown to cause their disso- 
ciation without significantly affecting factor VIII coagulant 
activity (Vehar & Davie, 1980; Savidge et al., 1979). Also, 
the functional and structural properties of the factor VIII 
preparations isolated here are very similar to factor VIII 
preparations isolated by others in the absence of reducing 
agents (Fulcher & Zimmerman, 1982; Rotblat et al., 1985). 
The reduced V 0 was batch-separated with DEAE-Sepharose 
that had been equilibrated in a 0.02 M imidazole, pH 6.9, 
buffer containing 0.15 M NaCl, 0.01 M CaCl 2 , 0.02 M glycine 
hydrochloride ethyl ester, 5% glycerol, and 1 mM PMSF (VIII 
buffer). Twenty milliliters of DEAE-Sepharose was added 



for every liter of V 0 fraction. After being stirred for 2-3 h 
at 4 °C, the resin was poured into a column and washed with 
5 column volumes of VIII buffer. Factor VIII was step-eluted 
with VIII buffer containing 0.1 1 M CaCl 2 . A factor VIII 
monoclonal antibody column was prepared by coupling 10 mg 
of factor VIII monoclonal antibody to 2 mL of Affi-gel 10 
(Wood et al., 1984). The resulting column was equilibrated 
in 0.05 M imidazole, pH 6.9, buffer containing 0.15 M NaCl, 
0.01 M CaCl 2 , 5% glycerol, and 1 mM PMSF. The factor 
VIII DEAE pool was applied to the antibody column, and the 
column was washed with 50 column volumes of the above 
buffer. Factor VIII was eluted with the same buffer containing 
1.0 M KI. Fractions containing factor VIII activity were 
pooled and dialyzed against 0.05 M tris(hydroxymethyl)- 
aminomethane (Tris), pH 7.5, 0.15 M NaCl, 2.5 mM CaCl 2 , 
5% glycerol, and 1 mM PMSF and stored at -70 °C. Factor 
VIII activity was measured either by coagulation analysis or 
by the factor VIII chromogenic Coatest assay as described by 
Wood et al. (1984). Protein concentration was determined 
by the method of Bradford (1976). 

Cleavage of Factor VIII by Thrombin, Factor Xa y and APC. 
For N-terminal amino acid sequence analysis, approximately 
0.5-1.0 mg of factor VIII was incubated with either thrombin, 
factor Xa, or APC at a 1/50 ratio (w/w). In the case of factor 
Xa and APC, Viotfi sample volume of rabbit brain cephalin 
was included in the reaction as a source of phospholipid. After 
1-2 h at 37 °C, the reaction was stopped by adding sodium 
dodecyl sulfate (SDS) to 0.4% and immediately heating the 
samples to 80 °C. Proteolyzed factor VIII was subsequently 
resolved on 5-10% polyacrylamide gradient gels in the presence 
of SDS [SDS-polyacrylamide gel electrophoresis (PAGE)]. 
Electrophoresis was carried out according to the method of 
Laemmli (1970). After staining with Coomassie blue, factor 
VIII peptides were excised and electroeluted according to the 
method of Hunkapiller et al. (1983). Gel-eluted peptides were 
subjected to N-terminal amino acid sequence analysis using 
an Applied Biosystems gas phase sequenator (Hewick et al., 
1982) modified for on-line phenylthiohydantoin identification 
(H. Rodriguez, unpublished results). 

For subunit and activity analysis during proteolysis, aliquots 
of factor VIII (110 Mg/mL, 400-700 units/mL) in 0.05 M 
Tris, pH 7.5, 0.15 M NaCl, 2.5 mM CaCl 2 , and 5% glycerol 
were incubated with either thrombin (1.5 ^g/mL), factor Xa 
(2 Mg/mL) or APC (4 /*g/mL) for 0-120 min (thrombin, Xa) 
or 0-30 min (APC). Rabbit brain cephalin O/iotti sample 
volume) was added in reactions containing APC or factor Xa. 
At the end of each time point, a 10-jzL aliquot of the reaction 
was removed, diluted into 0.05 M Tris, pH 7.3, containing 
0.2% bovine serum albumin (BSA), and assayed by coagula- 
tion analysis. To the remainder of the aliquot was added SDS 
to 0.5%, and the sample was immediately heated to 80 °C. 
Proteolyzed factor VIII was subsequently resolved on 6-12% 
SDS-polyacrylamide gels. Proteins were visualized by silver 
staining (Morrissey, 1981). 

Results 

Purification of Factor VIII Factor VIII was purified by 
initially resolving plasma concentrates on a Bio-Gel A- 15m 
column as previously described (Fay et al., 1982). This allowed 
the partial purification of von Willebrand factor (vWF)/factor 
VIII complexes which elute in the void volume. These com- 
plexes were dissociated by reduction with 0-mercaptoethanol 
and resolved by chromatography on DEAE-Sepharose. Factor 
VIII obtained from the DEAE-Sepharose chromatograph was 
subsequently purified to homogeneity by using a factor VIII 
monoclonal antibody column. A typical purification starting 
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Tabic I: Purification of Factor VIU 
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* Activity was determined by coagulation analysis using human fac- 
tor VIII deficient plasma. * Protein was measured by the method of 
Bradford (1976). 
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figure 1 : SDS-PAGE and western blot analysis of purified human 
factor VIII. Factor VIII (3-4 Mg) was resolved on a 5-10% SDS- 
polyacrylamide gel and either silver-stained (A) or transferred to 
nitrocellulose for western blot analysis (B). Two different factor VTII 
monoclonal antibodies were used for western analyses. One cross-reacts 
with the Kf T 90000-210000 polypeptides, while the other cross-reacts 
with the M t 80000 polypeptide (Vehar et al., 1984; Wood et at, 1984), 

with materia! obtained from the Bio-Gel A- 15m column is 
shown in Table L In this case, factor VIII was purified 
approximately 5000-fold over plasma concentrates and bad 
a specific activity of 4500 units/mg. 

When analyzed by SDS-PAGE, purified factor VIII was 
resolved into multiple protein chains having molecular weights 
ranging from 80000 to 210000 (Figure 1). This pattern of 
proteins is similar to that observed by others who have analyzed 
purified human factor VIII by SDS-PAGE (Fulcher & 
2ammerman, 1982; Rotblat et aU 1985). When resolved under 
nonreducing conditions, this pattern remained unchanged (data 
not shown). Western blot analysis demonstrated that all the 
proteins associated with purified factor VHI cross-reacted with 
specific factor VIII monoclonal antibodies (Figure 1), Fur- 
thermore, as shown below, amino acid sequence analyses of 
these proteins, and comparison of these sequences with the 
factor VIII DNA sequence, demonstrate identity. 

Presumably, each of the proteins of M t 90000-210000 
forms a complex (perhaps calcium linked) with the Af r 80000 
subunit. This is evidenced by the purification of factor VIII 
consisting of Af r 80000-210000 proteins using a monoclonal 
antibody that recognizes only the Af r 80000 moiety. We have 
also found that after factor VIII is bound to a monoclonal 
antibody column specific for the A/ r 80000 moiety, the M r 
90000-210000 proteins can be eluted with ethylendiamine- 
tetraacetic acid (EDTA) (unpublished results). Similar results 
have been obtained for porcine factor VIII (Fass et al., 1982). 

Proteolysis of Factor VIII by Thrombin, APC, and Factor 
Xa. N-Terminal amino acid sequence analysis of factor VIII 
proteins reveals that the M t 90000-210000 proteins have the 
same N- terminal sequence, while that of the M t 80000 protein 
(which sometimes appeared as a doublet) is distinct (Figure 
3). Alignment of these sequences with the amino acid sequence 
deduced from the cDNA for factor VIII shows that the M T 
210000 and 80000 proteins represent the N-terminal and 




C Th Xa APC 

figure 2: Cleavage of factor VIII by thrombin, factor Xa, and A PC. 
Factor VIII (U0 Mg/mL, ~700 units/mL) was incubated for I h 
at 11 P C with either thrombin (\ .5 jig/mL), factor Xa {\ jig/mL), 
or APC (2 /jg/mL). In the case for factor Xa and APC, l /, 0 th volume 
of rabbit brain cephaltn was included in the reaction. The reaction 
was stopped by the addition of SOS to 0*5% and heating to 80 °C. 
Proteins were subsequently resolved on a 6-12% SDS-polyacrylamide 

C-terminal portions of the factor VIII single-chain precursor, 
respectively (Figure 3; Toole et al., 1984; Vehar et al, 1984; 
Wood et al., 1984). Five polypeptide chains were routinely 
observed with M r 1 10000-180000 (Figure I). Presumably, 
C-terminal cleavage of the M t 210000 protein generates these 
fragments. The sites that are cleaved to generate these five 
proteins are unknown as is the protease that makes them. It 
has been shown, however, that cleavage of the M r 1 10000- 
210000 proteins by thrombin at position 740 generates the 
M t 90000 protein (Toole et al., 1984). 

Proteolysis of factor VIII by thrombin results in the deg- 
radation of the M f 80000-210000 proteins and the appearance 
of polypeptides of M f 73 000, 50 000, and 43 000 (Figure 2). 
N-Terminal sequence analysts of the M t 50000 and 43000 
polypeptides shows that they are derived from the Af r 90000 
protein by cleavage by position 372 (Figure 3; Vehar et ah, 
1984). The M t 50000 and 43 000 polypeptides represent the 
N-terminal and C-terminal portions of the Af f 90000 protein, 
respectively. The N-terminal sequence of the M t 73 000 po- 
lypeptide shows that it arises from the cleavage of the M t 
80000 protein at arginine-1689 (Figure 3; Vehar et aL, 1984). 
This results in the possible removal of the N-terminal 44 amino 
acids of the M t 80000 protein. This 44 amino acid polypeptide 
is acidic as it contains 1 5 Asp and Glu residues and only 4 
Lys and Arg residues (Vehar et at, 1984). Like the M t 80000 
protein, the Af t 73000 polypeptide also appeared on SDS- 
PAGE as a doublet. 

Factor Xa appears to proteolyze factor VIII more exten- 
sively than thrombin (Figure 2). Like thrombin, the M t 
80000-210000 proteins of factor VIII are all cleaved. 
However, in addition to the polypeptides of M f 73000, 50000, 
and 43 000, polypeptides of Af t 45 000 and 67 (XX) also appear 
after treatment of factor VIII with factor Xa (Figure 2). 
N-Terminal sequence analysis shows that the M r 50000 and 
43 000 polypeptides originate from cleavage of the M r 90000 
protein at position 372 (Figure 3) as was observed with 
thrombin. Presumably, the Af r 90000 protein arises from 
cleavage of the M t 110000-210000 proteins at position 740 
by factor Xa. The M t 45000 polypeptide has the same N- 
terminal sequence as the M T 50000 and 90000-210000 po- 
lypeptides (Figure 3). The site at which this cleavage occurs 
has yet to be determined. However, on the basis of the siate 
difference between the M r 50000 and 45000 polypeptides, and 
since factor Xa is specific for arginine residues, cleavage at 
arginine-336 of the M r 50000 or M t 90000-210000 poly- 
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figure 3: N-Terminal sequence of factor VJII polypeptides and their position within the factor VIH molecule. Factor V|[[ (0.5-1 .0 mg) 
was proteolyzcd with either thrombin, factor Xa, or APC, or not at all, and resolved on a 5-10% SDS-potyacrylamide gel. Subsequently, 
the polypeptides as shown were excised, gel-eluted, and subjected to N-tcrminal amino acid sequencing as described under Materials and Methods. 
The N-termina! amino acid sequence shown for the M t 1 10000-2 10000 polypeptides was determined by pooling these peptides after gel elution. 
Only one sequence was obtained from this pool, and quantitation indicates (hat N -terminal blockage of these polypeptides was minimal (data 
not shown). Dashes indicate positions where no residue could be identified. Brackets indicate the tentative assignment for that amino acid. 
The factor VIII sequence shown in the boxes is deduced from the DNA sequence of factor VIII (Wood et al., 1984; Toole ei al., 1984; Gitschicr 
et a!., 1984). Only that sequence which is necessary lo show the orientation of the above-sequenced polypeptides is shown. 



peptides may generate the M T 45000 fragment (Figure 3). The 
M T 73000 and 67 000 polypeptides are derived by cleavage 
of the Af, 80000 protein at positions 1689 and 1721, respec- 
tively (Figure 3). The Af r 67 000 polypeptide also appears as 
a doublet on SDS-PAGE. 

Cleavage of factor VIII by APC results in proteolysis of M r 
90000-210000 proteins with the appearance of an M f 45000 
fragment (Figure 2). The M T 80000 protein is not cleaved 
by APC. These results are similar to those of Fulcher et al. 
(1984). The N-tcrminal sequence of the Af r 45000 fragment 
was found to be the same as the N-termina 1 sequence of the 
M r 90000-210000 proteins (Figure 3). Therefore, this 
fragment is derived from the N-terminal of factor VIII. The 
site at which APC cleaves factor VIII to generate this fragment 
has not been determined. This cleavage, however, appears to 
be the same cleavage made by factor Xa that also generates 
an M T 45 000 fragment from the N-terminal of factor VIII. 
Cleavage at this site by factor Xa is not due to contaminating 
APC since antibodies against APC did not inhibit factor Xa 
from making this cleavage (data not shown). By SDS-PAGE, 
we could not reproducibly detect the C-termina] portions of 
the M r 900G0-210000 proteins after proteolysis of factor VIII 
by APC. In Figure 6, polypeptides with molecular weights 



of —47 000, ~49000, and 67000 are apparent after APC 
cleavage. The appearance of these polypeptides, however, was 
only transitory. Also, only one sequence was observed when 
the A/ r 45000 fragment was sequenced. 

Activation of Factor VJII by Thrombin. A time course 
treatment of factor VIII with catalytic amounts of thrombin 
resulted in a 36-fold increase in factor VIII coagulant activity 
(Figure 4). After maximum activity was reached, throm- 
bin-acttvated factor VIII appeared to remain stable for at least 
1 h at 37 °C Figure 4 does show- a slight decrease in activity 
at the 2-h time point; however, in other experiments, this 
decrease was not seen. Factor VIII that was not activated with 
thrombin remained stable throughout the 2-h time course (data 
not shown). Analysis of factor VIII subunit structure during 
thrombin activation shows that factor VIII coagulant activity 
dramatically increases with the generation of fragments of M f 
73 000, 50000, and 43 0(K) (Figure 5). Thrombin, therefore, 
appears to activate factor VIII by initially cleaving M x 
1 10000-210000 proteins to generate the M t 90000 protein, 
which is subsequently cleaved to polypeptides of M t 50000 
and 43 000. Occurring concomitantly is cleavage of the M t 
80000 protein to an M T 73000 polypeptide. These results 
indicate that fully activated factor VIII may consist of subunits 
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figure 4: Activation of factor VIII by thrombin and the effect of 
CaClj on thrombin activation. Factor VIII (110 pg/mL, —700 
units/mL) was incubated for the times shown at 37 °C with thrombin 
(1.5 Mg/mL) in the presence of 2.5 (#), 10 (O), or 50 mM CaCI 2 
(a). At each time point* factor VIII coagulant activity was determined, 
and the reaction was stopped by the addition of SDS as described 
under Materials and Methods. 

of A/ r 73000, 50000, and 43000, with the latter two origi- 
nating from the N-terminal portion and the Af r 73 000 from 
the C-terminal portion of the factor VIII precursor protein. 

As shown in Figure 4, increasing the CaCl 2 concentration 
significantly alters the extent to which factor VIII is activated 
by thrombin. At 10 mM CaCl 2 , only a 13-fold activation is 
observed, while at 50 mM CaCl 2 factor VIII is not activated 
by thrombin (Figure 5)* These results are similar to the recent 
findings of Hultin (1985), who has shown that activation of 
partially pure factor VIII by thrombin in inhibited by CaCl 2 . 
Comparison of the subunit structure of factor VIII activated 
by thrombin at 2.5, 10, and 50 mM CaCI 2 shows that at the 
higher CaCl 2 concentrations (10 and 50 mM) the proteolytic 
processing of factor VIII by thrombin is limited (Figure 5). 
At 10 mM CaCi 2> the M x 90000 and 80000 polypeptides are 
only partially cleaved to the M r 73000, 50000, and 43 000 
subunits. while at 50 mM CaCl 2 factor VIII is not cleaved at 
all by thrombin (Figure 5), Interestingly, at 10 mM CaCl 2 , 
after maximum activity is achieved there appears to be very 
little change in factor VIII subunit structure yet coagulant 
activity greatly diminishes (Figures 4 and 5). The reasons for 
this decrease in activity are presently unknown. Here we show 
that maximum activation and proteolytic processing of factor 
V*liib7»th1^ 

concentration (2.5 mM), while partial activation or proteolysis 
occurs at higher CaCl 2 concentrations (Figures 4 and 5). In 
the absence of CaCl 2> factor VIII was proteoiyzed and acti- 
vated by thrombin similarly to factor VIII treated by thrombin 
in the presence of 2.5 mM CaCl 2 (data not shown). 



Inactivation of Factor VIII by A PC. Treatment of factor 
VIII with APC resulted in a dramatic decrease in coagulant 
activity (Figure 6). Correlated with the decrease in activity 
is the cleavage of M t 90000-210 000 proteins with the con- 
comitant generation of an M t 45 000 polypeptide (Figure 6, 
inset). The M t 80000 protein is not significantly proteoiyzed. 
As previously discussed, the N -terminal amino acid sequence 
of the M r 45000 polypeptide is identical with the N-terminal 
sequence of the M r 90000-210 (KM) proteins (Figure 3), and 
the exact site at which this cleavage occurs is presently un- 
known. However, as proposed above for factor Xa, APC may 
cleave at position 336. This site precedes a very acidic region 
(15 Asp-Glu; 4 Lys/Arg; total of 42 amino acids) of the M t 
90000-210000 proteins. Significantly, cleavage of the M t 
90000 protein at position 372, immediately following this 
acidic region, generates the M t 50000 and 43 000 subunits of 
thrombin-activated factor VIIL Taken together, this suggests 
that the acidic region between positions 336 and 372, shown 
in Figure 3, is of functional importance. 

Activation of Factor VIII by Factor Xa. Similar to 
thrombin, factor Xa cleaves factor VIII at position 372 of the 
M t 90000 protein and at position 1689 of the M x 80000 protein 
(Figures 2 and 3). These cleavages would result in activation 
of factor VIII, as is the case for thrombin. However, factor 
Xa also appears to cleave factor VIII at the same site that APC 
proteolyses factor VIII (Figure 2 and 3). This cleavage at 
position 336 would inactivate factor VIIL These results 
suggest that factor Xa would at best only moderately activate 
factor VIII and ultimately cause inactivation. Indeed, over 
a 2-h time course, factor Xa initially activated factor VIII only 
3-fold and eventually inactivated factor VIII (Figure 7a). 

During the time course treatment of factor VIII with factor 
Xa, the M t 1 1000O-210000 proteins were initially cleaved, 
with the major product being the M t 90 000 protein (Figure 
7b). This protein was cleaved to generate Af r 50000, 45000, 
and 43 000 polypeptides (Figure 7b). Subsequently, the M f 
50 000 polypeptide appeared to be cleaved to the M t 45 000 
fragment This proteolysis correlates with the inactivation of 
factor VIII by factor Xa (Figure 7). Occurring concomitantly 
with cleavage of the M t 90000 protein is the cleavage of the 
M t 80000 protein to the Af T 73000 polypeptide, which is 
subsequently cleaved to generate an M T 67 000 polypeptide. 
This latter cleavage also correlates with factor VIII inactivation 
(Figure 7>. Wfiet&sf thl^ c^vtlern^ is sufficient to in- 
activate factor VIII has not been determined. 

Discussion 

Recently a detailed understanding of the primary structure 
of factor VIII was made possible due to the isolation of factor 
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figure 5: Subunit structure of thrombin-activated factor VIIL Factor VIII samples from Figure 4 that had been activated by thrombin at 
either 2.5, 10, or 50 mM CaCl 2 and subsequently made 0.5% SDS were heated to 80 °C for 5 mim The proteins were resolved on SDS-PAGE 
as described under Materials and Methods. 
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figure 6: Inactivation of factor VIII by APC, To 40 mL of factor 
VIII (110 Mg/mL) was added 5 /*L of rabbit brain cephalin and 
subsequently incubated at 37 °C with APC (4 Mg/mt) (•) or with 
no addition (O) for the times shown. At the end of each time point, 
factor VIII coagulant activity and subunit structure (inset) were 
determined as described in Figure 4 and under Materials and Methods, 
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figure 7: Activation of factor VIII by factor Xa. To 40 ftL of factor 
VIII (110 *ig/mL) was added 5 |*L of rabbit brain ccphalin and 
subsequently incubated with factor Xa (1 >ig/mL) (#) or with no 
addition (O) at the times shown. At the end of each time point, factor 
VIII coagulant activity (a) and subunit structure (b) were determined 
as described in Figures 4 and 5 and under Materials and Methods. 

VIII cDNA and genomic clones (Wood et al., 1984; Toole ct 
al., 1984; Gitschier et aL, 1984). The deduced amino acid 
sequence predicts a mature single-chain protein consisting of 
2332 amino acids which, after accounting for 25 potential 
N-linked glycosylation sites, indicates that the single-chain 
form of factor VIII has an M T > 300 000. This is supported 



by the purification of single-chain factor VIII having Af f 
>300000 from plasma (Rotblat et al., 1985). The single-chain 
precursor form of factor VIII appears to be readily proteolyzed 
in vivo and/or in vitro, yielding a species consisting of multiple 
summits with M r SO 000-210 000, As stated previously, the 
protease which cleaves at position 1648 to generate the M r 
80000 protein is unknown as are the protease(s) and sites 
which generate the M f 110000-180000 proteins seen when 
factor VIII is resolved by SDS-PAGE (Figures 1 and 8). 

Detailed analysis of the factor VIII sequence revealed a 
triplicated domain structure. These domains each consist of 
approximately 330 amino adds and are approximately 30% 
homologous (Vehar et al., 1984). Interestingly, these domains 
also share approximately 30% homology with the triplicated 
domains of the plasma copper binding protein ceruloplasmin 
(Vehar et al., 1984), The importance of this homology as it 
pertains to factor VIII function is as yet not understood. The 
location of these domains within the factor VIII precursor is 
shown in Figure 8. 

Thrombin activation of purified factor VIII correlates with 
proteolysis at positions 740, 372, and 1689 (Figure 8). These 
cleavages ultimately generate the M t 73000, 50000, and 
43000 subunits. Cleavage at position 740 removes the C* 
terminal region of the M t 110000-210000 proteins, generating 
the M t 90000 protein (Toole et al., 1984). Subsequently, the 
M T 90000 protein is cleaved at position 372 to generate the 
M T 50000 and 43000 subunits. This cleavage site is between 
two ceraloplasmin-like domains and follows an acidic spacer 
region (336-372) (Figures 3 and 8). Cleavage of the M r 
80000 protein at position 1689 to generate the M r 73000 
subunit also follows an acidic region (positions 1649-1689) 
of factor VIII, which has some sequence homology with the 
region between positions 336 and 372 (Vehar et al., 1984). 

Similar to results presented here, porcine factor VIII has 
been shown to be activated 70-fold by thrombin in the presence 
of 5 mM CaCl 2 (Fass et al. t 1982; Loller et al., 1984). This 
activation was correlated with the cleavage of an A/ r 82000 
protein to M t 44000 and 35000 polypeptides and the cleavage 
ofanAf f 76000 protein to a fragment of Af r 69000. The M t 
82000, 44000, and 35000 proteins of porcine factor VIII are 
analogous to the M, 90000, 50000, and 43000 proteins of 
human factor VIII, while the M t 76000 and 69000 poly- 
peptides of porcme facto 

2^^^w^^^<A human factor VIII (Fass et al., 1985). 
Interestingly, thrcmbiri-activatcd porcine factor VIII was found 
to be unstable even though its subunit structure remained 
unchanged (Loller et aL, 1984). However, it could be sta- 
bilized by factor IXa and phospholipid, suggesting that changes 
other than proteolysis may cause inactivation of factor VIII 
coagulant activity (Loller et al., 1984). This is consistent with 
the results of Hultin & Jesty (1981) and Rick & Hoyer 
(1977), who observed that inactivation of thrombin-activated 
factor VIII was not mediated by active thrombin. Factor VIII 
activated by thrombin at 10 mM CaCl 2 becomes inactive with 
time even though there is little change in subunit structure 
after activation (Figure 5); it is therefore possible that 
thrombin-activated factor VIII may not be stable at non- 
physiological high CaClj concentrations. We show here that 
thrombin-activated factor VIII was stable for at least 1 h at 
37 °C. This stability is probably a reflection of the high 
concentration (1 10 tig/mL) of factor VIII as well as the CaQ 2 
concentration (2.5 mM) used in thrombin activation experi- 
ments. 

In contrast to our results and those of Fass et al. (1982), 
Fulcher et al. (1983) observed that thrombin activation of 
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factor VIII correlates with the generation of M r 90000 and 
73000 proteins. They suggest that cleavage of the M r 90000 
protein to M t 50 000 and 43 000 polypeptides results in inac- 
tivation of factor VIII. These investigators, however, activated 
factor VIII in the presence of 40 mM CaCl 2 . As shown here 
and as reported by Hultin (1985), this CaCl 2 concentration 
should limit the activation of factor VIII by thrombin (Figures 
4 and 5). Indeed, these authors only observed a 5- fold acti- 
vation. 

Inactivation of factor VIII by APC correlates with cleavage 
of M t 90000-210000 proteins and generation of an M r 45 000 
fragment (Figure 6). This result is similar to those reported 
by Fulcher et al. (19S4). The site at which AFC cleaves has 
yet to be identified; however, as discussed previously, this 
cleavage could occur at arginirte-336 (Figures 3 and 8). Since 
thrombin cleavage at position 372 of the M t 90000 protein 
causes activation (Figure 4), the acidic region between posi- 
tions 336 and 372 may be functionally important in regulating 
the activity of factor VIII. Recently, Guinto & Esmon (1 984) 
have shown that factor V proteolyzed by APC does not interact 
with prothrombin or with factor Xa. It is tempting to speculate 
that this acidic region of factor VIII may be involved in 
protein/ protein or protein/phospholipid interactions. 

Cleavage of factor VIII by factor Xa results in a modest 
activation followed by inactivation of factor VIII coagulant 
activity (Figure 6). This observation is consistent with the fact 
that factor Xa cleaves at the same sites as thrombin (372, 
1689) as well as APC (336) (Figure 8). The inactivation of 
human factor VIII by factor Xa has also been observed by 
Triantaphyllopoulus (1979). However, purified bovine factor 
VIII has also been shown to be activated and stable by factor 
Xa at a nonphysiological low pH (Vehar & Davie, 1980). 
Activation of human factor VIII by factor Xa appears to 
correlated with the generation of M r 73 000, 50000, and 43 000 
fragments, while inactivation appears to correlate with the 
cleavage of the M r 50000 subunit to the M t 45000 polypeptide. 
Presumably, this cleavage occurs at the same site that APC 
cleaves factor VIII (Figure 3). Interestingly, it has been shown 
that inactivation of thrombtn-activated porcine factor VIII by 
APC correlates with the cleavage of the M r 44000 subunit, 
which is analogous to the M t 50000 subunit of human factor 
VIII (Pass et al., 1984). These results suggest that the M t 
50000 subunit is indeed a functional subunit of activated factor 
VIII. Factor Xa also cleaves the M t 73 000 subunit at position 
1722 to generate an Af f 67000 polypeptide. Whether this 
cleavage alters factor VIII activity has not been determined. 
However, this cleavage occurs within a ceruloplasmin-like 



domain and may release the first 20 amino acids of the A3 
domain (Figure 8). 

The functional as well as structural similarities of factors 
V and VIII have recently been recognized (Vehar et al. f 1984; 
Fulcher et aL, 1983, 1984; Church et ah, 1984; Fass et al., 
1985). Both of these proteins function as cofactors in the 
intrinsic coagulation pathway. Factor VIII in a complex with 
factor IXa, calcium ions, and a phospholipid surface functions 
in the activation of factor X. Factor V in a complex with 
factor Xa, calcium ions, and a phospholipid surface functions 
in the conversion of prothrombin to thrombin. Both proteins 
appear to circulate in plasma as large (A/ r 300 000) single- 
chain precursors which are proteolytically processed to yield 
active cofactors (Mann et al., 1981; Rotblat et al. 1985). In 
both cases, the N- terminal (M r ~ 90 000) and C- terminal (A/ r 
~ 80 000) portions represent the functional regions of these 
cofactors (Vehar et ai., 1984; Toole et al., 1984; Esmon, 1979; 
Hibbard & Mann, 1980; Nesheim et al., 1984). Separating 
these regions in both factor V and factor VIII is a highly 
glycosylated region (Af r ~ 1 00 000). The function of this 
region is as yet undetermined (Vehar et aL, 1984; Church et 
ah, 1984). Amino acid sequencing also shows that factor V 
has homology with both factor VIII and ceruloplasmin 
(Church et al., 1984; Fass et al., 1985). Factor V has also 
been shown to contain at least a duplication of the cerulo- 
plasmin-like domain (Fass et al., 1985). Factors VIII and V 
are also both activated by thrombin and factor Xa and inac- 
tivated by APC (Foster et aL, 1983; Suzuki et al., 1983). 
Thrombin activation of either factor V or factor VIII results 
in the generation of polypeptides of M f ~ 90 000 (from the 
N-termini) and ~ 70 000 (from the C-termini). In the case 
for factor VIII, the M T 90000 polypeptide appears to be 
proteolyzed further to Af r 50000 and 43 000 polypeptides. 
Factor Xa proteolysis of factor V is unlike that by thrombin, 
and factor Xa is less efficient than thrombin in activating 
factor V (Foster et al., 1983). The same appears true for the 
activation of factor VIII by factor Xa (Figure 7). APC ap- 
pears to inactivate both factor VIII and factor V by proteo- 
lyzing the N-terminal portion (molecular weight of approxi- 
mately 90000 subunit) of these factors (Figure 6; Suzuki et 
ah, 1983). These data support the notion that factors VIII 
and V are regulated by thrombin, APC, and factor Xa in a 
very similar manner. 

In this study, we have identified the cleavage sites in factor 
VIII of thrombin, factor Xa, and APC. This has allowed us 
to determine how factor VIII is qualitatively processed by these 
proteases. Correlation of the changes in factor VIII subunit 
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structure due to proteolysis by thrombin, factor Xa, or APC 
with changes in factor VIII coagulant activity allowed the 
tentative identification of the functional subunits of activated 
factor VIII. The results presented here suggest that the 
generation of the M t 50000, 43 000, and 73 000 subunits 
correlates with complete activation of factor VIII. 
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Characterization of the Phe-81 and Val-82 human 
fibroblast collagenase catalytic domain purified from 
Escherichia coli. 

^1^88^ MR, Condon B, Margosiak SA, Kan CC. 

Agouron Pharmaceuticals, Inc., San Diego, California 92121, USA. 

Soluble recombinant human fibroblast collagenase catalytic domain was 
highly expressed and purified from Escherichia coli. The expression 
construct utilized the T7 gene 10 promoter for transcription of a 
two-cistron messenger RNA which encoded the ubiquitin-collagenase 
catalytic domain fusion protein as the second cistron. The ubiquitin 
domain was attached to the collagenase catalytic domain with the linker 
sequences Gly-Gly-Thr-Gly-Asp-Val- Ala-Gin (wild type) or 
Gly-Gly-Thr-Gly-Asp-Val-Gly-His (mutant) which served as cleavage 
sites for in vitro activation. The last four residues of the linker were 
included based on the crystal structure of human prostromelysin-1 
catalytic domain. Soluble fusion proteins purified from E. coli retained 
the proteolytic activity of the collagenase catalytic domain. The 
collagenase catalytic domain was released by either autoproteolytic or 
stromelysin-1 -catalyzed cleavage, purified to homogeneity, and separately 
possess Phe-8 1 , Val-82, or Leu-83 as the amino-terminal residue. Very 
similar kcat/Km values were determined for the Phe-8 1 and Val-82 forms 
using continuous fluorogenic and chromogenic peptide cleavage assays. 

PMID: 7673241 [PubMed - indexed for MEDLINE] 
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High-level production and purification of biologically 
active proteins from bacterial and mammalian cells using 
the tandem pGFLEX expression system. 

^Manoharan HT, Gallo J, Gulick AM, Fahl WE. 

McArdle Laboratory for Cancer Research, University of Wisconsin, 
Madison 53706, USA. 

Because of the complexities involved in the regulation of gene expression 
in Escherichia coli and mammalian cells, it is considered general practice 
to use different vectors for heterologous expression of recombinant 
proteins in these host systems. However, we have developed and report a 
shuttle vector system, pGFLEX, that provides high-level expression of 
recombinant glutathione S-transferase (GST) fusion proteins in E. coli 
and mammalian cells. pGFLEX contains the cytomegaloma virus (CMV) 
immediate-early promoter in tandem with the E. coli lacZpo system. The 
sequences involved in gene expression have been appropriately modified 
to enable high-level production of fusion proteins in either cell type. The 
pGFLEX expression system allows production of target proteins fused to 
either the N or C terminus of the GST pi protein and provides rapid 
purification of target proteins as either GST fusions or native proteins 
after cleavage with thrombin. The utility of this vector in identifying and 
purifying a component of a multi-protein complex is demonstrated with 
cyclin A. The pGFLEX expression system provides a singular and widely 
applicable tool for laboratory or industrial production of biologically 
active recombinant proteins in E. coli and mammalian cells. 

PMID: 9256081 [PubMed - indexed for MEDLINE] 
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